Cell death is regulated by a myriad of intracellular molecular pathways, with many involving protein phosphorylation and dephosphorylation. In this review, we will focus on Ser/Thr phosphatases-mediated regulation in cell apoptosis as well as on their potential roles in cell necrosis. The emerging functional importance of Ser/Thr protein phosphatases in cell death regulation adds new dimension to the signaling mechanisms of cellular function, physiology, and diseases.
morphological changes including cell blebbing, shrinkage, chromatin condensation, and DNA fragmentation. Numerous proteins have been identified in this process, and many of them are regulated by phosphorylation. Correspondingly, many protein phosphatases have been tightly linked with regulation of apoptosis (79) . Necrosis generally is not energy dependent and is not associated with characteristic apoptotic morphology. Necrotic cells lose the integrity of plasma membrane at very early stage accompanied with dilated organelles. Necrotic cell death has long been considered as nonprogrammed. But in the past several years, the notion that necrosis is also under the control of a highly regulated molecular network has emerged, and several key players have been identified, including proteins subjected to protein phosphorylation (82, 120) . Autophagy is generally viewed as an adaptive response to stress that promotes cell survival under most circumstances. However, uncontrolled autophagy has been linked to cell death and contributes to disease development (69) . The major focus of this review will be the involvement of STPs in cell death regulation and how STPs regulate the survival/death signaling and the executioners of apoptosis (FIGURE 1). The role of STPs in necrosis regulation has not been established and will be presented as our perspectives. Finally, we will outline the major challenges and some future directions in STP studies in the context of cell death regulation. Due to space limitations, many reports are not discussed if they are already cited in other review articles.
STPs Superfamily and Cell Death Regulation
Based on structural features, STP superfamily can be classified into three categories: phosphoprotein phosphatases (PPPs), metal-dependent protein phosphatases (PPM), and aspartate-based phosphatases (also called FCP/SCP, for TFIIF-associating component of RNA polymerase II CTD phosphatase or small CTD phosphatase) (107) . The PPP family comprises several subfamilies, including PP1, PP2A, PP2B, PP4, PP5, PP6, and PP7. There are only a handful of catalytic core subunits in this family. However, a large number of regulatory subunits in combination with the catalytic cores constitute the functional diversity and specificity of the PPP holoenzymes. Unlike PPPs, PPM family members are monomeric in general. At least 18 members of PPM family are encoded by mammalian genome (77) . In addition to a conserved catalytic domain, many PPM enzymes have evolved special domains with substantial structural and sequence variance (77) . The functional roles of PPPs in cell death regulation have been well documented. To date, most studies focused on PP2A and PP2B, and only a few studies directly implicate PP1, PP4, PP5, PP6, and PP7 members in cell death.
PP2A in Cell Death Regulation
PP2A is the most abundant STP and accounts for the majority of STP activities measured in cells (20) . PP2A is a heterotrimeric complex consisted of catalytic (C), scaffolding (A), and regulatory subunit (B). In mammals, catalytic and scaffolding subunits are produced by two genes ( and , respectively), whereas a handful of genes have been suggested to encode the regulatory subunits that determine the substrate specificity and intracellular targeting.
PP2A has demonstrated both pro-apoptotic and pro-survival characteristics (41) . For example, downregulation of PP2A scaffold subunit A by siRNA decreased PP2A activity and triggered apoptotic cell death (110) . But truncated form of the Epstein-Barr virus protein EBNA-LP inhibited PP2A and protected cells from apoptosis (39) . In addition, it has been shown that chemical inhibitors of PP2A suppressed intrinsic apoptosis (18) , whereas protein inhibitor of PP2A suppressed death receptor-mediated apoptosis (48) . Okadaic acid, a selective PPPs inhibitor and a well known tumor promoter (111) , induced apoptosis in mammalian cells (10) .
It remains elusive whether the discrepancy of PP2A's pro-survival and pro-apoptotic functions was due to different experimental settings including but not limited to, for example, different concentrations or nonspecific targeting of okadaic acid (29, 34) . Nevertheless, one possibility is that PP2A regulates a diverse array of substrates that either promotes or inhibits cell death. Thus direct inhibition of PP2A catalytic activity might interfere with various physiological processes, resulting in cell survival or death under different conditions. To further understand the regulatory mechanism of PP2A on cell death, recent research has focused on specific PP2A complexes. Tsao et al. reported that activation of a PP2A/B56 complex was required for ischemia-induced apoptotic and necrotic death in kidney epithelial proximal tubule cells. Overexpression of PP2A B56 but not B55 enhanced ischemia-induced cell death (119) . In a different report, human adenovirus E4orf4 protein was found to reduce B55-specific PP2A activity, leading to cell cycle arrest and death (71) . B56 (PPP2R5E), another B56 family member of PP2A regulatory subunit, was shown to have both anti-and pro-apoptotic functions by suppressing p53-independent apoptosis while triggering p53-dependent apoptosis (59) . These findings suggest that specific PP2A complexes exert different regulatory functions on cell death.
PP2B/Calcineurin in Cell Death Regulation
PP2B/calcineurin has been linked with cell death regulation directly, but whether it is pro-or anti-cell death remains controversial. Some studies showed that calcineurin mediated cell death induced by calcium, excitotoxicity, and hormones in lymphocyte, cardiomyocyte, and neural cells (6, 58, 81, 102, 108, 118, 124, 125, 127) . In addition, calcineurin A overexpressing transgenic mice showed increased apoptosis following ischemia/reperfusion injury in heart (22) . However, other results suggested a protective function of calcineurin in cell death regulation. For example, PP2B protected T cells from glucocorticoid-induced apoptosis (130) . Chemical inhibitors of PP2B canceled the inhibitory effect of ET-1 on apoptosis induced by oxidative stress (61) . More importantly, calcineurin A ablation predisposed cardiomyocytes to ischemia-induced apoptosis in heart (16), and constitutively active PP2B protected against serum starvation and hydrogen peroxide-induced apoptosis in neonatal cardiomyocytes (13) . Therefore, although studies unequivocally pointed out the implication of PP2B in cell death regulation, its exact functions may depend on the nature of the stimuli and specific complex involved.
PP2C in Cell Death Regulation
PPM (represented by PP2C here) subfamily members have been linked with cell death directly. PP2C and PP2C can be activated by oleic acid, an unsaturated fatty acid, and siRNA knockdown of these phosphatases protected cells from fatty acid-induced apoptosis (105) . PP2C and PP2C /ILKAP regulated TNF-, hydrogen peroxide, and integrin-induced cell death (114) . PP2Cm is encoded by PPm1 gene and resident in mitochondria matrix. PP2Cm was essential for cell survival through regulation of mitochondrial permeability transition pore (75) . The role of other PP2C members in cell death has remained elusive.
Other STPs in Cell Death Regulation
It has been shown that inhibition of PP1 with either chemical inhibitor or overexpression of PP1 inhibitor-1 gene prevented apoptosis of tumor cells and cardiomyocytes, respectively (18, 90) . PP4c overexpression enhanced and downregulation of PP4c suppressed apoptosis in HEK293T cell and T cell (87, 88) . PP5 demonstrates a broad diversity of substrates and regulates multiple signaling pathways with some of them involved in stress response (42, 52) . It has been shown that overexpression of PP5 inhibited rapamycin-induced apoptosis in p53 mutant Rh30 cells (57) . There is no clear evidence linking PP7/PPEF (protein phosphatases with EF-hand domains) with cell death yet (5) . Members of the FCP/SCP family are capable of dephosphorylating the carboxyl terminal domain of RNA polymerase II (62) . No other substrate of FCP/SCP has been revealed (107) . To date, no link between FCP/SCP and cell death has been reported.
Signaling Mechanism in STPs Mediated Cell Death Regulation
Many intracellular signaling pathways are involved in cell death/survival regulation. Protein phosphorylation/dephosphorylation plays a critical role in the transduction of signals to ultimately decide the fate of cells. In the current context, we will focus on three pathways with extensive STP implication: AKT, MAPK, and DNA damage response pathways, with details summarized in Table 1. AKT is a protein serine/threonine kinase and plays important roles in the transduction of signals of growth factors and other extracellular stimuli to regulate cell growth, survival, and death (109) . AKT is phosphorylated at multiple sites including serine 473 and threonine 308 to be fully activated. AKT activation promotes cell survival. Several STPs have been reported to negatively regulate AKT pathway. It has been shown that PP1 dephosphorylates AKT and regulates cell survival (126) . AKT dephosphorylation by PP2A contributed to 4-hydroxynonenal-induced apoptosis (74) . In addition, mammalian PP2A/B56 regulated AKT phosphorylation at threonine 308 site (93) . PPM subfamily members PHLPP dephosphorylated AKT serine 473 in AKT and promotes apoptosis (37, 38) , whereas further characterization showed that PHLPP isoforms targeted specific AKT isoforms (15) .
Mitogen-activated protein kinase (MAPK) cascades consist of four major branches: p38, JNK, ERK, and ERK5 pathways (99) . JNK and p38 MAPK pathways are mostly involved in stress signal transduction with implication in cell death regulation. The activation of MAPKs is mediated through three layers of a phosphorylation relay mechanism. Meanwhile, the activity of some components can be inhibited through phosphorylation. Therefore, protein dephosphorylation by phosphatases can regulate MAPK pathways both positively and negatively. Numerous STPs have been shown to regulate p38 and JNK pathways to modulate cell death. PP1c 1 overexpression promoted VSMC survival by interfering with JNK1-mediated apoptosis (117) . Dephosphorylation of p38 MAPK by PP2A was reported to be essential to trigger apoptosis in neutrophils (3) and coordinately regulated T-cell survival (12) . PP2A and a "B" subunit PR55 dephosphorylated c-SRC to negatively regulate JNK MAPK pathway and cell survival (27) . PP2A dephosphorylated ASK1 at Ser976, which facilitated JNK activation in response to TNF (85) . In addition, PP2A, through regulatory subunit 4, regulated MEK3/p38 pathway-mediated cell death induced by cytokine (95) and transcription-dependent apoptosis through Jun (65) . PP2B/calcineurin affected cardiomyocyte cell death through modulation of ASK1 activity (73) . Other PPPs implicated in MAPK-mediated apoptosis include PP4 for JNK (21) , PP5 for ASK1 (67, 131) , and PP6 for transforming growth factor beta-activated kinase 1 (TAK1) kinase as part of tumor necrosis factor (TNF), interleukin 1, and Toll-like receptor signaling pathways (14) . Finally, PPM subfamily members, including PP2C , PP2C , and PP2C , were reported to regulate p38 and JNK MAPK pathways (46, 47, 70, 101, 113) , although not all of them were directly implicated in apoptosis.
DNA damage occurs when cells are insulted by genotoxins such as ultraviolet radiation (UV), reactive oxygen species, ionizing radiation, and some chemotherapy drugs. Protein phosphatases involved in DNA damage response have been reviewed recently (33, 94) , and details will not be discussed here. One of the key proteins determining the survival or death outcome of DNA damage response is p53. p53 and its partners are regulated by intricate phosphorylation events. It has been shown that PP1c 1 overexpression enhanced cell survival by interfering with p53 phosphorylation (117) . In addition, PP2A regulated transcription-dependent apoptosis through regulation of p53 (65) and dephosphorylated p53 at Ser46 site to regulate DNA-damage response (84) . Furthermore, PPm1D/Wip dephosphorylated p53 at Ser15 in DNA-damage response (78) , and PP5 regulated DNAdamage response through p53 binding protein 1 (63) . Therefore, dephosphorylation of p53 at different sites by STPs provides a major contribution to p53 function and cell death during DNA-damage response.
STPs Mediated Regulation on Apoptosis Executioner Machinery
Both intrinsic and extrinsic pathways have been extensively characterized for apoptosis. In extrinsic pathway, ligand binding to death receptor activates caspase-8 or -10, which leads to cleavage and activation of either effector caspase-3 or Bid, an initiator of intrinsic pathway. In intrinsic apoptosis pathway, the BH3-only proteins of the Bcl-2 family, including Bid, Bim, and Bad, are activated by stimuli such as UV, DNA damage, oxidative stress, and other apoptotic injury. Activation of BH3-only proteins triggers oligomerization of proapoptotic Bcl-2 family members such as Bax and Bak. The resulting pores formed by these oligomers in outer membrane of mitochondria causes leakage of protein factors (such as cytochrome c) from the mitochondrial intermembrane space into cytosol. An apoptosome consisting of cytochrome c, Apaf-1, and caspase-9 will be formed to activate caspase-9. Active caspase-9 then cleaves and activates caspase-3 to initiate apoptosis. Pro-survival Bcl-2 family members such as Bcl-2 and Bcl-xl suppress the apoptotic process by sequestering proapoptotic Bcl-2 family members on mitochondrial or SR and block the leakage of mitochondrial outer membrane. These components comprise the execution machinery of apoptosis.
It has been well recognized that the execution machinery of apoptosis is tightly regulated by protein phosphorylation. Apoptotic caspase-2, -3, -8, and -9 are targets of tyrosine and serine/threonine kinases (64, 66) . Bcl-2 family members, such as Bcl-2, Bad, Bax, and Bclxl, are all phosphoproteins as well (64) . Phosphorylation of these components is either proapoptotic or pro-survival, thus providing a regulatory mechanism on cell death by integrating both environmental and intracellular signals. Accordingly, protein phosphatases may contribute to apoptosis regulation by dephosphorylating these executioners.
STPs can regulate cell death through modifying the molecular components of the apoptosis executioners as summarized in Table 1 . First of all, STPs can regulate caspases through a variety of approaches. PP1 dephosphorylated Thr125 site of caspase-9 and activated caspase-9 to mediate IL-2 deprivation-induced apoptosis (25) . In another experimental setting, ERK-mediated phosphorylation of caspase-9 Thr125 site was shown to be sensitive to okadaic acid, indicating the involvement of PP2A (1). Dephosphorylation of caspase-3 at Ser150 site by PP2A increased caspase-3 activity, which was essential to trigger apoptosis in neutrophils (3). In addition, it has been shown that PP2B interacted with procaspase-3 and promoted caspase-3 maturation (100). On the other hand, protein phosphatases can be cleaved and regulated by caspases (66) . For example, PP1 protein inhibitor-3 was a target of caspase-3, and its degradation contributed to apoptosis (56) . Regulatory subunit A of PP2A was another substrate of caspase-3 (103). During neuroexcitotoxicity, PP2B was cleaved and activated by calpain to mediate cell death (125).
Bcl-2 family members are also targeted by STPs. Activation of PP2A by either C2-ceramide treatment or PP2A catalytic subunit overexpression inhibited Bcl-2 Ser70 phosphorylation, which enhanced p53/Bcl-2 interaction and apoptotic cell death (24) . PP2A also dephosphorylated Bax and regulated Bax translocation to mitochondria in verotoxin-induced apoptosis (40) . Furthermore, instead of dephosphorylation, PP2A contributed to amyloid--peptide-induced cerebrovascular endothelial cell death by regulating Bim gene expression (128) . Finally, BAD dephosphorylation by PP2B has been reported to contribute to Ca 2+ -induced apoptosis (58, 124) . In addition to caspase and Bcl-2 family members, Thr149 of apoptosis repressor with caspase recruitment domain (ARC) was dephosphorylated by PP2B to regulate apoptosis in heart (115) . Moreover, dephosphorylation of cofilin by PP1 and PP2A at Ser3 site mediated the tumor-suppressing properties of ALDH1L1 in promoting apoptosis (92) . Therefore, STPs can target different components of the executioners and regulators to modulate cell apoptosis under a variety of pathophysiological conditions.
Potential STPs Mediated Regulation on Necrosis
Necrosis has been considered a form of accidental and uncontrollable cell death for decades, yet accumulating evidence in the past several years has revealed that, like apoptosis, necrosis is also a highly regulated process involving specific molecular networks (121) . The notion of "programmed necrosis" was raised by Chan et al. in 2003 (17) , and, since then, both protein and non-protein players such as reactive oxygen species and calcium have been implicated in this process (32, 86) . More than 40 protein components of the molecular machinery for one form of death receptor-induced necrosis (necropotosis) (23) have been proposed, and many of them are represented by specific protein families (121) .
The involvement of specific molecular pathways in necrosis regulation raises the possibility that protein phosphorylation might also play a role in the necrotic cell death. In fact, two key regulator of necrosis so far identified are protein kinases: receptor-interacting protein 1 and 3 (RIP1 and RIP3; also known as RIPK1 and RIPK3) (31, 36, 120) . RIP3 likely undergoes autophosphorylation at Ser199 and regulates RIP1 phosphorylation at Ser161 (19, 49) . It remains unclear whether RIP1 and RIP3 can phosphorylate other proteins that may be important players of necropotosis. Nevertheless, the known phosphorylation events are critical for RIP1 and RIP3 to form necrosome to initiate necrosis. Therefore, it is intriguing to find out whether any STP(s) regulates these phosphorylation events. Clearly, the dephosphorylation of RIP1 and RIP3 and potentially other RIP substrates should play critical roles in the necropotosis regulation.
Recent studies elucidated an intriguing cross talk between apoptosis and necropotosis, suggesting that apoptosis could suppress necrosis under physiological conditions (60, 91, 129) . Caspase-8 appeared to serve as the mediator of this cross talk. Caspase-8 cleaved both RIPK1 and RIPK3, inhibiting caspase-independent cell death (30, 72) . It has been reported that p38 MAPK phosphorylated caspase-8 at Ser364 (4). Whether protein phosphatase plays a role in this cross talk remains unknown.
In addition to death receptor-regulated necrosis, ischemia/reperfusion or reactive oxygen species also induces necrosis (32, 121, 122) . Although the targets remain elusive, at least two STPs have been linked with ischemia-/reperfusion-induced necrosis. Overexpression of PP1 inhibitor-1 gene protected cardiomyocyte from ischemia-/reperfusion-induced necrotic cell death (90) . It was also reported that knockdown of PP2A scaffold subunit decreased PP2A activity and triggered necrotic and apoptotic cell death (110) . On the other hand, activation of PP2A/B56 was shown to be required for ischemia-induced apoptotic and necrotic death in kidney epithelial proximal tubule cells (119).
During severe ischemia or postischemia/reperfusion injury, ATP depletion due to the loss of mitochondrial inner membrane potential is likely an initiating factor of necrotic cell death (122) . The mitochondrial permeability transition pore (MPTP) modulates the integrity of mitochondrial inner membrane, and thus plays a central role in necrosis (7, 8, 122, 132) . The functional consequence of MPTP opening as a nonspecific pore on mitochondrial inner membrane is clearly described (45) . Under severe and prolonged stress, MPTP opening will cause leakage of mitochondrial inner membrane to molecules of <1.5 kDa, including protons, leading to diminished electrochemical gradient across the inner membrane and abolished ATP production and necrosis.
Although MPTP is known as a key regulator of cell death, its molecular components remain to be fully identified. Several proteins, including adenine nucleotide translocase (ANT), voltage-dependent anion channel (VDAC), phosphate carrier (PiC), and cyclophilin D, have been suggested to be the pore-forming components or regulator of MPTP opening, although the roles of some of them are still controversial (45) . ANT, VDAC, and cyclophilin D are all phosphoproteins (97, 132) . Several protein kinases, including hexokinase, PKC , GSK3 , and ERK, transduce signals to MPTP with or without known targets (98) . To date, only one STP, PP2Cm, has been linked with MPTP opening regulation (75) . However, the mechanistic link between PP2Cm-mediated MPTP regulation and its known target of branched chain keto acid dehydrogenase (BCKD) (76) remains to be determined.
Clearly, limited information is available about the role of STPs in the regulation of necrotic cell death. Nevertheless, protein phosphorylation has been unequivocally linked with necrosis process, and it would not be surprising to find more involvement of STPs in necrosis from future studies.
Challenges and Perspectives
Cell death plays a critical role in physiology and pathology. Many diseases are associated with dys-regulation of cell death. Preventing cell loss during ischemia/reperfusion, infection, and neurodegeneration or promoting cell death in cancer has been the primary goal for many therapeutic interventions. STPs regulate cell death and may serve as potential targets for drug development. For example, large-scale screening has identified numerous protein phosphatases with tumor-suppressor-like activity (79) . Therefore, our understanding of the function and mechanism of STPs in cell death regulation has important biological and clinical significance. Although much progress has been made in the last decade, major challenges remain in the field.
First, potent and specific inhibitors of STP activity remain elusive. As discussed above, direct targeting of PP2A has yielded a different outcome of cell death regulation. Some of those discrepancies may come from the utilization of chemical inhibitors that have poor specific PP2A catalytic activity (34) . Similarly, cyclosporine A and FK-506 affect proteins other than PP2B/calcineurin. Indeed, another important target of cyclosporine A is cyclophilin D, a potent regulator of MPTP. Ablation of cyclophilin D protected cells from necrosis (9, 89, 104) . Therefore, interpretation of results obtained from studies using cyclosporine A should be taken with caution. Given the importance and complexity of STPmediated cell death regulation, developing more specific and potent small molecule inhibitors and agonists should be recognized with more urgent needs. In addition to small chemicals targeted to enzymatic activities, new chemicals can be developed to interfere with the STP complex formation (83) . Such molecules are of special interest because they may be utilized to target a specific STP complex to avoid the side-effects of catalytic subunit inhibitors. In recent years, alternative approaches to manipulate STP activities have also been evaluated. For example, peptides have been designed to target phosphatases (44, 116) . Like small chemicals, these peptides can be designed to target either catalytic subunits or complex formation, either inhibiting or activating STPs. Moreover, siRNA as a new type of molecular medicine has been exploited (26, 28, 68) . Since siRNA targets individual genes specifically, the specific manipulation of targeted STPs can be potentially achieved to regulate cell death as an alternative approach to intervene in disease initiation and progression.
Second, the importance of local regulation of protein phosphorylation in mitochondria has been increasingly recognized in the context of cell death regulation. Many phosphoproteins have been identified in mitochondria (11, 54) . Numerous kinases have been found either in mitochondria matrix or in the cytoplasmic surface of mitochondria (55) . Many of them, such as AKT and p38/JNK MAPK, are involved in cell death/survival regulation, as discussed above. The substrates of these kinases include apoptosis executioner such as Bcl-2 family proteins, channels (including MPTP), metabolism enzymes, respiration complex, and antioxidant proteins, among many others (55) . In contrast, only two examples of STPs have been well characterized in mitochondria: PP2Cm/PPM1K (75) and pyruvate dehydrogenase phosphatase isoforms. It is clear that more STPs in or on mitochondria can be anticipated. The identification of their substrates and the mechanisms of dephosphorylation regulation should further advance our current understanding of cell death and the development of new therapeutic approaches.
In summary, with more understanding of the biology of cell death and the development of novel therapeutic approaches, we anticipate that the function of STPs in cell death regulation will become clearer, and the targeting of these phosphatases can provide powerful tools to either enhance or inhibit undesired cell death in difference diseases. The protein phosphatases are listed in dark blue boxes. Blue arrows indicate direct targets of protein phosphatases, and red arrows indicate indirect targets via MAP kinases and AKT and p53 pathways. 
